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ARTICLE INFO ABSTRACT

Keywords: Background: Ras association domain family member 1 (RASSF1) encodes the RASSF1A protein,
RASSF1 serving as a scaffold protein situated at the intersection of a complex signalling network.
Pan-cancer

Aims: To evaluate the immunological and prognostic significance of RASSF1 expression in various
types of human cancers, with a specific focus on lung cancer.

Methods: Differential expression analysis of RASSF1 was conducted based on data from The
Cancer Genome Atlas, Genotype-Tissue Expression, and Cancer Cell Line Encyclopaedia data-
bases. Prognostic analysis was performed using the Cox regression test and Kaplan-Meier test.
Spearman’s test was utilized for correlation analysis. Gene Ontology (GO) and Kyoto Encyclo-
paedia of Genes and Genomes (KEGG) gene sets were employed to enrich the associated signaling
pathways. Immunohistochemical staining and quantitative real-time PCR were employed to
detect protein and mRNA expression levels, respectively.

Results: RASSF1 expression was significantly lower in tumour tissues than in normal tissues in
most cancers, and Cox regression analysis demonstrated a significant correlation between RASSF1
expression and the prognosis of over 12 types of cancer. Specifically, high RASSF1 expression was
associated with poor OS in nine cancer types, including GBMLGG (HR = 4.98, P = 1.2e-31), LGG
(HR = 3.72, P = 2.5e-10), and LAML (HR = 1.48, P = 2.4e-3). Further analysis showed that
RASSF1 expression was significantly correlated with immune checkpoint- and immune-related
genes. Moreover, RASSF1 expression is involved in tumour microenvironment (TME), RNA
modification, genomic heterogeneity, and tumour stemness. GO and KEGG analyses showed that
RASSF1 was closely related to tumour immune-related pathways. Finally, RASSF1A was
moderately correlated with PD-L1 (R = 0.556), and RASSF1A overexpression significantly
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affected the expression of several genes involved in the Th17 cell differentiation signalling
pathway in lung cancer.

Conclusions: RASSF1 was differentially expressed in 29 human cancers and played a critical role in
tumour immunity. Thus, RASSF1 has the potential to be used as a prognostic marker and refer-
ence for achieving more precise immunotherapy, particularly in lung cancer.

1. Introduction

Human health is facing an escalating threat from cancer, which stands as one of the foremost causes of death globally [1]. Despite
the exploration of diverse approaches to cancer treatment, the prognosis for patients with advanced tumours remains uncertain. In
recent times, remarkable strides have been achieved in human immunotherapy. It can be asserted that immunotherapy is revolu-
tionizing antitumour therapy like never before [2,3]. Nevertheless, a significant proportion of patients fail to derive benefits from
immunotherapy. Hence, there is a pressing need to identify novel immune-related targets and prognostic biomarkers.

Ras association domain family member 1 (RASSF1), located on chromosome 3p21.31, exhibits expression of eight major transcript
variants Among these variants, the major and ubiquitous ones are RASSF1A and RASSF1C. Additional subtypes include RASSF1B,
RASSF1D to H [4]. Serving as a prototypical tumour suppressor gene, RASSF1A is frequently inactivated across more than 40 human
malignant tumours [5]. Hypermethylation of the RASSF1A promoter region stands as a pivotal early event in cancer development.
Consequently, the detection of RASSF1A methylation holds promise for diagnosing various cancers at an early stage. Studies have
demonstrated that the methylation levels of the RASSF1A promoter region in pathological tissues [6] and alveolar lavage fluid [7] can
aid in the diagnosis of lung cancer. In breast cancer, the sensitivity, diagnostic odds ratio (DOR) and area under the curve (AUC) of
serum RASSF1A methylation were 0.55, 22.0 and 0.86, respectively [8]. Moreover, the sensitivity, specificity, and accuracy of
detecting RASSF1A, APC, and FOXA1 promoter methylation in circulating cell-free DNA (ccfDNA) for the diagnosis of breast cancer are
greater than 70 % [9]. In colorectal cancer, RASSF1A methylation ranges from 12 % to 81 %. A meta-analysis revealed that RASSF1A
promoter methylation was associated with a significantly increased risk of colorectal cancer (odds ratio [OR]: 6.53, 95 % confidence
interval (CI): 3.88-11.01, P < 0.001) and poor overall survival (hazard ratio: 2.85, 95 % CI: 1.88-4.31, P < 0.001) [10,11]. Kim et al.
found that the detection of RASSF1A methylation in urine has good diagnostic value in patients with HCC and can be used as a po-
tential non-invasive screening method for HCC [12]. Khoshfetrat et al. found that early diagnosis of thyroid cancer could be achieved
by detecting RASSF1A and SLC5A8 promoter methylation levels in the blood [13]. In addition to its diagnostic value, RASSF1A
methylation has a prognostic value in several tumours. Patients with non-small cell lung cancer (NSCLC) and RASSF1A hyper-
methylation have poor prognosis [14]. RASSF1A hypermethylation is also associated with high-grade advanced cervical cancer [15].
In addition, RASSF1A hypermethylation is associated with the TNM stage of gastric cancer, and the frequency of hypermethylated
RASSF1A is significantly higher in stage III and IV patients than in stage I and II [16].

There is growing evidence that RASSF1A, a scaffold protein involved in cell signalling, targets key regulators of cell homeostasis
such as Ras, MST2/Hippo, p53, and death receptor pathways [17]. According to an article published in CELL, the Hippo signalling
pathway can inhibit tumour initiation and suppress immunogenicity. Loss of the Hippo pathway LATS1/2 can promote the growth of
tumour cells, and LATS1/2 deficiency can enhance the efficacy of tumour vaccines, improve the immunogenicity of tumours, and lead
to tumour destruction by enhancing anti-tumour immune responses [18]. As a scaffold protein of the Hippo signalling pathway,
RASSF1A can bind to MST1/2 and promote its activation, thereby activating the Hippo signalling pathway. LATS1/2 is the main
effector of MST1/2, which inactivates the transcriptional activity of the YAP/TAZ protein [19]. These results suggested that RASSF1A
may also play a role in tumour immunosuppression. In addition, RASSF1A inhibition promotes B cell transformation, which is an
important process in the immune response. EBV latent antigen 3C (EBNA3C) directly interacts with RASSF1A and induces RASSF1A
degradation through a ubiquitin-proteasome-dependent pathway, thereby promoting B cell transformation [20]. In summary, a
growing amount of evidence suggests that RASSF1A can not only be used as a marker for the early screening and diagnosis of tumours
and prognosis but may also play an important role in tumour immunity. While the exploration of RASSF1C is limited, earlier studies
have shown that RASSF1C induces cell cycle arrest in cancer cell lines, indicating that it can act like RASSF1A in suppressing tumours
[21]. However, other findings support a potential carcinogenic role of RASSF1C. In contrast to RASSF1A, RASSF1C overexpression can
inhibit betaTrCP to promote the accumulation and transcriptional activation of p-catenin [22]. Additionally, RASSF1C promotes the
proliferation of lung cancer cells [23] and drives mesenchymal-amoeboid transformation and stem cell properties of breast cancer cells
[24].

Increasing evidence has shown that RASSF1 plays an important role in the occurrence and development of various tumours,
including liver, esophageal, and non-small-cell lung cancers. Moreover, RASSF1A is not only involved in early tumorigenesis but also
in immune regulation. However, mechanisms underlying the effects of RASSF1 on tumorigenesis and immunity remain unclear.
Moreover, most studies on the role of RASSF1 in tumours have been limited to specific types of cancer. To date, there have been no pan-
cancer studies investigating the association between RASSF1 and various cancers. To better understand the key role of RASSF1 in
tumour development and immunity, we comprehensively analysed the prognostic value and immune function of RASSF1 in different
tumour types using multiple databases.

First, we used the Genotype Tissue Expression (GTEx), Encyclopaedia of Cancer Cell Lines (CCLE), and The Cancer Genome Atlas
Program (TCGA) databases to determine the RASSF1 expression levels in common tumours and their relationship with prognosis. In
addition, we explored the correlation between RASSF1 expression levels and immune checkpoints, immunomodulatory genes, and the
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tumour microenvironment (TME) in multiple malignancies. Furthermore, the role of RASSF1 in RNA modification, genomic hetero-
geneity, and tumour stemness has been analysed in a variety of cancers. We mined the potential genes and signalling pathways
associated with RASSF1 using protein interaction (PPI) network analysis, as well as Gene Ontology (GO) and Kyoto Encyclopaedia of
Genes and Genomes (KEGG) gene set enrichment analyses in multiple malignancies. According to the above analysis, RASSF1
expression was significantly lower in NSCLC tissues than in normal lung tissues, and RASSF1 expression was significantly correlated
with PD-L1 expression in NSCLC. Therefore, we verified that RASSF1A was moderately correlated with PD-L1, and that RASSF1A
overexpression significantly affected the expression of several genes involved in the Th17 cell differentiation signaling pathway in lung
cancer. Taken together, our pan-cancer analysis provides insights into the therapeutic and prognostic roles of RASSF1 in common

cancers, and sheds new light on its role of RASSF1 in tumour immunotherapy.

2. Methods

2.1. Cell culture and transfection

A549 and HEK-293T cells were obtained from the American Type Culture Collection (ATCC, VA, USA), and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 1 % penicillin/streptomycin (Solarbio) and 10 % foetal bovine serum (FBS;
Vivacell). RASSF1A and empty vector lentiviral plasmids were obtained from GeneChem (Shanghai, China). Lentiviral infection was
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performed in A549 cells according to the protocol described in the GeneChem Recombinant Lentivirus Operation Manual.

2.2. Data acquisition and differential expression analysis

Tumour cell line data for RASSF1 expression were downloaded from the CCLE (https://portals.broadinstitute.org/ccle/) database,

Table 1

Abbreviations of the cancers.
Cohort Tumor Name Abbreviations
TCGA Adrenocortical carcinoma ACC
TCGA Bladder urothelial carcinoma BLCA
TCGA Breast invasive carcinoma BRCA
TCGA Cervical squamous cell carcinoma and endocervical adenocarcinoma CESC
TCGA Cholangiocarcinoma CHOL
TCGA Colon adenocarcinoma COAD
TCGA Colon adenocarcinoma/Rectum adenocarcinoma Esophageal carcinoma COADREAD
TCGA Lymphoid neoplasm diffuse large B-cell lymphoma DLBC
TCGA Esophageal carcinoma ESCA
TCGA Glioblastoma multiforme GBM
TCGA Glioblastoma multiforme low-grade glioma GBMLGG
TCGA Head and neck squamous cell carcinoma HNSC
TCGA Kidney chromophobe KICH
TCGA Pan-kidney cohort (KICH + KIRC + KIRP) KIPAN
TCGA Kidney renal clear cell carcinoma KIRC
TCGA Kidney renal papillary cell carcinoma KIRP
TCGA Acute myeloid leukemia LAML
TCGA Brain lower grade glioma LGG
TCGA Liver hepatocellular carcinoma LIHC
TCGA Lung adenocarcinoma LUAD
TCGA Lung squamous cell carcinoma LUSC
TCGA Mesothelioma MESO
TCGA Ovarian serous cystadenocarcinoma ov
TCGA Pancreatic adenocarcinoma PAAD
TCGA Pheochromocytoma and Paraganglioma PCPG
TCGA Prostate adenocarcinoma PRAD
TCGA Rectum adenocarcinoma READ
TCGA Sarcoma SARC
TCGA Stomach adenocarcinoma STAD
TCGA Skin cutaneous melanoma SKCM
TCGA Stomach and esophageal carcinoma STES
TCGA Testicular germ cell tumours TGCT
TCGA Thyroid carcinoma THCA
TCGA Thymoma THYM
TCGA Uterine corpus endometrial carcinoma UCEC
TCGA Uterine carcinosarcoma ucs
TCGA Uveal melanoma UVM
TARGET Osteosarcoma oS
TARGET Acute lymphoblastic leukemia ALL
TARGET Neuroblastoma NB
TARGET High-risk wilms tumor WT
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and the expression levels of RASSF1 in 21 tumour cell lines were analysed. RNA sequencing and related clinical data for normal and
tumour tissues were collected from the GTEx (https://commonfund.nih.gov/GTEx/) and TCGA (https://portal.gdc.cancer.gov) da-
tabases, respectively. The R package was used to analyse and present the data. Statistical significance was set at P < 0.05. Difference in
RASSF1 expression between normal and tumour tissues was analysed using the Wilcoxon rank-sum test.

2.3. Analysis of prognosis

TARGET follow-up data were obtained as a supplement, and samples with follow-up times of <30 days were excluded. We applied a
1og§"+°~°°1) transformation to each expression value and excluded cancers with fewer than 10 samples in a single cancer (Table 1).
Finally, for each sample, we collected expression data for overall survival (OS), disease-specific survival (DSS), disease-free interval
(DFI), and progression-free intervals (PFI). The prognostic role of RASSF1 in pan-cancer was analysed using the univariate Cox pro-
portional hazards regression log-rank test and Kaplan-Meier (K-M) test.

2.4. RASSF1 expression correlated with immunomodulatory genes, immune checkpoints, and TME

Spearman’s rank correlation coefficient was utilized to analyse the correlation between RASSF1 expression and immune check-
points (both inhibitory and stimulatory) as well as immunomodulatory genes (including chemokines, chemokine receptors, and MHC).
Stromal, immune, and ESTIMATE scores were computed for each patient in each cancer type based on gene expression, employing the
R package ESTIMATE [25], followed by correlation analysis with RASSF1. Subsequently, using the deconvolutional mcpcounter
method [26] of the R package IOBR [25], we reassessed the infiltration scores of immune cells for each patient in each cancer type
based on gene expression, followed by correlation analysis with RASSF1.

2.5. Correlation between RASSF1 expression and RNA-modified genes

Based on Huang et al. [26] and 44 marker genes associated with three classes of RNA modifications (m1A, m5C, and m6A), we
compared RASSF1 expression with that of RNA-modified genes using Spearman correlation.

2.6. Correlation between RASSF1 expression and genomic heterogeneity

The tumour mutation burden (TMB) and mutant-allele tumour heterogeneity (MATH) were calculated using the TMB and infer-
Heterogeneity functions of the maftools package (version 2.8.05). We acquired tumour neoantigen, microsatellite instability (MSI),
and purity data from previous studies [27,28]. We downloaded the harmonised pan-cancer dataset from UCSC (https://xenabrowser.
net/) database. After integrating the gene expression data, cancer species with fewer than three samples from a single cancer species
were excluded. The tumours involved in each analysis are shown in Fig. 9, and the full tumour names are listed in Table 1. By inte-
grating the gene expression data, the correlations between RASSF1 expression and TMB, tumour neoantigens, MSI, purity, and MATH
were analysed.

2.7. Correlation between RASSF1 expression and tumour stemness

The DNA methylation-based stemness index (DNAsi) and mRNA expression-based stemness index (mRNAsi) were obtained from
previous researches [29]. Cancer species with fewer than three samples from a single cancer species were excluded by integrating the
gene expression data downloaded from the UCSC database (TCGA Pan-Cancer), cancer species with less than 3 samples in a single
cancer species were excluded. The tumours involved in each analysis are shown in Fig. 10, and the full tumour names are listed in
Table 1. We integrated the sample stemness index and gene expression data and analysed the correlation between RASSF1 expression
and DNAsi and mRNAsi expression.

2.8. PPI, GO and KEGG enrichment analysis

PPI network analysis was conducted using STRING (https://cn.string-db.org/). R language was utilized to compute the correlation
between RASSF1 and other genes in the pan-cancer dataset. GO and KEGG enrichment analyses were performed on correlated genes
with a significance threshold of P < 0.05 and |cor| > 0.3. The ClusterProfiler package was employed for conducting the enrichment
analysis, and the results were visualized using the ggplot2 package.

2.9. Clinical samples and immunohistochemistry (IHC) staining

IHC staining was performed on normal lung tissues and NSCLC samples from the Human Protein Atlas (HPA) (https://www.
proteinatlas.org/). The study protocol was approved by the People’s Liberation Army General Hospital and was used to collect
immunohistochemical specimens. Written informed consent was obtained from all the patients in accordance with the Declaration of
Helsinki. Goat serum was blocked to prevent nonspecific staining. Staining was performed using RASSF1A (1:100, 14-6888-82;
Thermo Fisher Scientific) and PD-L1 (1:200, 13684S; CST).
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2.10. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted from A549 cells using the TRIzol reagent, and complementary DNA was synthesized using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific, USA). qPCR was conducted using SYBR Green qPCR Master Mix and SYBR Premix
Ex TaqllI (Sellect, USA) to detect the target mRNA levels. The primer sequences used for qPCR are listed in Supplementary Table 1.
Relative quantification was determined using the AACt method.

3. Results
3.1. Differential RASSF1 expression among tumour and normal tissues

The relative expression of RASSF1 in normal and tumour tissues was evaluated using three databases (GTEx, CCLE, and TCGA).
Data from the GTEx dataset indicated that RASSF1 was commonly expressed in 31 normal tissues, with the highest expression levels in
the nerve and spleen, and the lowest expression levels in the brain and liver (Fig. 1A). The relative RASSF1 expression in various
tumour cell lines from the CCLE dataset is shown in Fig. 1B. Analysis of RASSF1 expression data in TCGA and GTEx matched tumour
tissues and normal tissues showed that RASSF1 expression was significantly lower in tumour tissues of Breast invasive carcinoma
(BRCA), Lung adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC) and other 20 cancers than in normal tissues, while the
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Fig. 1. Expression levels of RASSF1. (A) RASSF1 expression levels in normal tissues with data from the GTEx database. (B) RASSF1 expression levels
in tumor cell lines with data from the CCLE database. (C) RASSF1 expression levels in tumor and normal tissues based on the consolidated data of
the GTEx and TCGA databases. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. GTEx, Genotype-Tissue Expression; CCLE, Cancer Cell Line
Encyclopaedia; TCGA, The Cancer Genome Atlas.
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RASSF1 expression was higher in 9 cancers than in normal tissues, including Cholangiocarcinoma (CHOL), Glioblastoma multiforme
(GBM), and Head and neck squamous cell carcinoma (HNSC) (Fig. 1C). According to these results, tumours generally express lower
levels of RASSF1 than their corresponding normal tissues.

3.2. Prognostic value of RASSF1 in pan-cancer

To evaluate the role of RASSF1 in cancer prognosis, survival analyses were performed for each cancer type, including OS, DSS, DFI
and PFI. Cox regression analysis demonstrated that high RASSF1 expression was associated with worse OS in nine types of cancer,
including GBMLGG, LGG, and LAML, whereas in HNSC, TARGET-NB, and TARGET-ALL-R, low RASSF1 expression resulted in poor OS
(Fig. 2A). Similar results were obtained using Kaplan-Meier survival analysis. RASSF1 expression was associated with poor OS in seven
cancers, including ACC, BLCA, and GBM, but not in HNSC or THYM (Fig. 2B). Additionally, Cox analysis showed that high RASSF1
expression indicated poor DSS in eight cancers, including GBMLGG, LGG, and KIPAN; only in HNSC did low RASSF1 expression result
in poor DSS (Fig. 3A). Kaplan-Meier survival analysis showed that high RASSF1 expression resulted in poor DSS in six tumour types,
including ACC, GBM, and KICH (Fig. 3B).

Next, we analysed RASSF1 expression in various tumour types and its effect on PFI. Cox regression analysis showed that six tumour
types (GBMLGG, LGG, PRAD, LIHC, ACC, and KICH) with high RASSF1 expression had poor prognoses, and only STES and STAD with
low RASSF1 expression had poor prognoses (Fig. 4A). Kaplan-Meier survival analysis demonstrated that high RASSF1 expression in
ACC, KICH, LGG, LIHC, and PRAD predicted poor PFI, whereas high RASSF1 expression in patients with STAD indicated better PFI
(Fig. 4B). Finally, we evaluated the changes in the DFI at different RASSF1 expression levels. Cox regression analysis showed that high
RASSF1 expression in PRAD, LIHC, and ACC was associated with poor DFI, whereas low RASSF1 expression in STES, STAD, and PCPG
was associated with poor prognosis (Fig. 5A). The Kaplan-Meier survival curve showed that high RASSF1 expression was associated
with poor DFI in the ACC and LIHC, whereas it was associated with better DFI in the PCPG and STAD (Fig. 5B).

3.3. RASSF1 is correlated with immune-related genes in pan-cancer

To explore the role of RASSF1 in tumour immunity, we first analysed the correlation between RASSF1 and immune checkpoints
(including 24 immunosuppressants and 36 immune stimulators). There was a positive correlation between RASSF1 expression and
immune checkpoint molecules in most cancer types, particularly TGCT, KIPAN, KIRP, GBMLGG, LGG, and BLCA. In addition, RASSF1
positively correlated with TGFB1, C100rf54, ADORA2A, TNFRSF14, ENTPD1, and CD28 in almost all cancers (P < 0.05) (Fig. 6A).
Furthermore, the association of RASSF1 with 41 chemokines, 18 chemokine receptors, and 21 MHC molecules was analysed. Similarly,

A B
L pralue Hazard Ratio93%Cl) 1 I RASSFI i ACCEp Va RASSFI n BLCA Exp 0 RASSFI n GBM Exp
TCGA-GBMLGG(N=619) 1.2e-31 . ted 4.98(3.82,6.50) = ‘weier T -
TCGA-LGG(N=474) 2.5¢-10 T 3.72(2.49.5.55) -
TCGA-LIHC(N=341) Lied L hed 1.80(1.33,2.42) a5
TARGET-LAML(N=142) 24e3 el 1.48(1.15,1.90) £
TCGA-ACCN=77) 24e3 t1-e-1 2.01(1.303.13) | I
TCGA-KIPAN(N=855) 43e-3 el 13400164y 3 | o X ______ .-S E
TCGA-MESO(N=84) 69¢3 159(1.13,2.23) H VT e M T
TCGA-GBM(N=144) 0.02 1.86(1.11,3.12) oxs ek oas A - -
TCGA-KICH(N=64) 0.04 2.62(1.03,6.66) prpooRzh i1 PIOG )y oo -t
' [ b i (i i
TCGA-PRAD(N=492) 0.06 4.23(0.97,18.53) s LA
e e e e D HR=1.04, 95%ci(h 02,1.07) ocof_HR=1.0 ss%dcict, 1.02) o] HR=105, d5%ci(1 &1,
TCGA-BLCAN=398) 0.06 122(0.99,1.49)
TCGA-THCAN=50T) o7 284(0.94,8.53) wl{d0 20 6 2 0 wnf1ss 37 16 7 2 o wafes 10 4 0 ] 0
{3 26 16 6 2 o {252 62 2 5 2 2 {94 3 6 3 2 1
TARGET-WT(N=80) 0.15 1.56(0.85,2.85) ] 3 %0 £ o0 ED T o 200 300 ) £ 3 o 650 3 ES
TCGA-TGCT(N=128) 0.18 for 6.52(0.42,102.11) Time Time Time
TCGA-LUSC(N=468) 031 113(0.90,1.42)
TCGA-LAML(N=209) 039 1.12(0.87,1.43) L 2
TCGA-UCS(N=55) 048 1.19(0.74,1.90)
TCGA-KIRC(N=515) 0.50 . 1.09(0.85,1.40) - - -
TCGA-SKCM-P(N=97) 055 1-e-1 1.14(0.74,1.76) z z z
TCGA-COAD(N=278) 058 1-0-1 1.130.74,1.71) E é §
TCGA-COADREAD(N=368) 0.62 el 1.1000.75,1.61) S S B
TCGA-ESCA(N=175) 072 FpA 1.06(0.76,1.48) H H H
TCGA-SARC(N=254) 0.88 X 3] 1.02(0.77,1.35) @ @ °
TCGA-KIRP(N-276) 0.90 1.03(0.64,1.65) : ’ "
TCGA-PCPG(N=170) 0.96 ==1] 1.03(027,3.96) i YR
TCGA-UCEC(N=166) 0.98 1.01(0.63,1.62) o] HR=1.061e5%ci1.05,1.0b)
TCGA-READ(N=90) 0.99 1.00(0.39,2.57) i s 7 3 T 1 ] [ {82 2 ] o
TCGA-HNSC(N=509) Tde-d 0.69(0.55,0.85) 1ov{202 16 3 0 {57 44 34 19 3 0 Lo {a27 53 2 1
TARGET-NB(N=151) 0.01 0.56(036,0.89) T W £ T we e we T E %
TARGET-ALL-R(N=99) 0.03 0.67(0.47,0.96)
TCGA-UVM(N=74) 018 0.60(0.28,1.28) - . ASEEOT "
TCGA-DLBC(N=44) 028 [ 0.48(0.12,1.86)
TCGA-CESC(N=273) 029 080054120 | AN e e
TCGA-STAD(N=372) 030 0.86(0.65,1.14) ors ars o
TCGA-CHOL(N=33) 036 0.63(0.23,1.70) 2 £ £
TCGA-THYM(N=117) 041 SR ! ‘ém gn . é -
TCGA-LUAD(N=490) 055 d 0.92(0.71,1.20) 3 ] 3 1
TCGA-SKCM-M(N=347) 0.58 1l 0.94(0.77,1.16) H H H !
TCGA-STES(N=547) 0.63 (L 0.95(0.76,1.18) o2 a2t —— R e 02 =3
TCGA-SKCM(N=444) 0.80 191 0.98(0.81,1.18) : L p=oon
TCGA-PAADN=172) 089 ] 097056146 o HR=1.04,05%ck102. 107 1 " - o00{ HRe1.03 ssvbciron, 104) © - — 0o0{ HR=091, 95%C1(0.84, 0.99)
TARGET-ALL(N-86) 0.90 X2 0.98(0.68,1.40)
TCGA-OV(N=407) e $ 099(0.85,1.16) 115 21 5 0 o w74 10 2 0 wnfg0 48 18 5 3 0
{255 8 2 6 0 to{ 11 4 2 0 {38 21 10 6 1 0
TCGA-BRCANN=1044) 0.92 La af 0.99(0.75,1.30) T o0 200 £ o T %0 ) £ 3 o E3 C3 E3

52 51 61 3 34 3
log2(Hazard Ratio(95%CI))

— T T T T T T T Fe Time Time

Fig. 2. Correlations between RASSF1 expression and OS. (A) Cox analysis of RASSF1 expression and OS in pancancer. (B) K-M analysis of RASSF1
expression and OS in ACC, BLCA, GBM, HNSC, KICH, LGG, LIHC, MESO, and THYM. OS, overall survival; K-M, Kaplan—-Meier; ACC, adrenocortical
carcinoma; BLCA, bladder urothelial carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney
chromophobe; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; MESO, mesothelioma; THYM, thymoma.
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Fig. 3. Correlations between RASSF1 expression and DSS. (A) Cox analysis of RASSF1 expression and DSS in pancancer. (B) K-M analysis of
RASSF1 expression and DSS in ACC, GBM, KICH, LGG, LIHC, and MESO. DSS, disease-specific survival, K—-M, Kaplan-Meier; ACC, adrenocortical
carcinoma; GBM, glioblastoma multiforme; KICH, kidney chromophobe; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma;

MESO, mesothelioma.
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Fig. 4. Correlations between RASSF1 expression and PFI. (A) Cox analysis of RASSF1 expression with PFI in pancancer. (B-D) K-M analysis of
RASSF1 expression and DFI in ACC, KICH, LGG, LIHC, PRAD, and STAD. PFI, progression-free interval; K-M, Kaplan—-Meier; ACC, adrenocortical
carcinoma; KICH, kidney chromophobe; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; PRAD, prostate adenocarcinoma;
STAD, stomach adenocarcinoma.

RASSF1 was positively correlated with most immunomodulatory genes in most tumours, especially chemokine receptors and MHC
molecules (P < 0.05). In KIPAN, KIRP, and LIHC, RASSF1 showed a significant positive correlation with almost all chemokines,
chemokine receptors, and MHC (P < 0.05) (Fig. 6B).
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Fig. 5. Correlations between RASSF1 expression and DFI. (A) Cox analysis of RASSF1 expression with DFI in pancancer. (B-F) K-M analysis of
RASSF1 expression and PFI in ACC, LIHC, PCPG, and STAD. DF], disease-free interval; K-M, Kaplan-Meier; LGG, low-grade glioma; ACC, adre-
nocortical carcinoma; LIHC, liver hepatocellular carcinoma; PCPG, pheochromocytoma and paraganglioma; STAD, stomach adenocarcinoma.

3.4. RASSF1 affects the tumour microenvironment and immune infiltration across tumours

To explore the effect of RASSF1 on TME, we evaluated the correlation between RASSF1 expression and stromal, immune, and
ESTIMATE scores using the ESTIMATE algorithm. RASSF1 expression significantly correlated with the stromal score in 28 tumours,
including GBMLGG, KIPAN, and BLCA (P < 0.05). Among them, 27 correlations were positive and one was negative. RASSF1
expression was also significantly correlated with the immune score in 29 cancers, including GBMLGG, LGG, and KIPAN (P < 0.05).
Among them, 27 were positive, and two were negative. Finally, in 32 cancers, including GBMLGG, KIPAN, and BLCA, RASSF1
expression was significantly correlated with the ESTIMATE score, with 29 significantly positive correlations and three significantly
negative correlations (P < 0.05) (Supplementary Table 2). Fig. 7A shows the top three correlated cancers with sample numbers greater
than 200.

Immune infiltrates have been linked to tumour progression and immunotherapy responses as major components of the TME.
Therefore, we examined the correlation between RASSF1 expression in different immune cell types. Eight immune and two stromal
cells were quantified using the MCP counter algorithm. We found that RASSF1 is associated with immune-infiltrating cells in the
pancreas. In particular, in KIRP and KIPAN, RASSF1 had a significant moderate positive correlation with all eight immune cell types
except T cells and neutrophils (P < 0.05). In particular, the expression of RASSF1 was positively correlated with T cells in 26 tumour
types, CD8 + T cells in 30 tumour types, cytotoxic lymphocytes in 32 tumour types, B lineage in 20 tumour types, NK cells in 33 tumour
types, monocytic lineage in 34 tumour types, myeloid dendritic cells in 28 tumour types, neutrophils in 29 tumour types, endothelial
cells in 37 tumour types, and fibroblasts in 36 tumour types (P < 0.05) (Fig. 7B).

3.5. Relationship between RASSF1 and RNA modification

Recent studies have shown that RNA modifications, including m1A, m5C, and m6A, are important epigenetic modifications that
participate in the regulation of tumour immune escape [30]. Therefore, we examined the relationship between RASSF1 expression and
RNA modification in multiple cancers. The expression data of three RNA modification genes (10 m1A, 13 m5C, and 21 m6A) were
extracted and correlation analysis was performed. The results showed that RASSF1 was associated with most of the RNA modification
genes in multiple cancers. In ACC, LIHC, KIPAN, WT, and THCA, RASSF1 was associated with almost all RAN modifier genes (P <
0.05). Among them, YTHDC1 and YTHDF2, m1A readers; NSUN4, m5C authors; and METTL3, RBM15B, RBM15, and WTAP, m6A
writers were positively correlated with RASSF1 in almost all tumours (P < 0.05) (Fig. 8).

3.6. Role of RASSF1 in genomic heterogeneity

Immunotherapy may be more beneficial for patients with high genomic instability because cancer is a genomic disease. To explore
the role of RASSF1 in genomic heterogeneity, we calculated Spearman’s correlations between RASSF1 and several genomic instability
markers, including TMB, tumour neoantigen burden, MSI, tumour purity, and MATH, in each cancer type. We observed that RASSF1
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Fig. 6. RASSF1 is correlated with immune-related genes in pancancer. (A) Correlation analysis between RASSF1 expression and immune check-
points. (B) Correlation analysis between RASSF1 expression and chemokines, chemokine receptors, and MHC molecules. *P < 0.05, **P < 0.01,
**4P < 0.001, ****P < 0.0001.
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Fig. 6. (continued).

expression was significantly correlated with TMB in 16 cancers, among which RASSF1 was significantly positively correlated in 12

cancers, including GBMLGG, ACC

, and ESCA, and significantly negatively correlated in four cancers, including DLBC, THCA, and BRCA

(Fig. 9A). In addition, RASSF1 was significantly correlated with tumour neoantigens in five cancers, including a significant positive

correlation in COAD, COADREAD, and UCEC, and a significant negative correlation in BRCA and HNSC (Fig. 9B). Regarding MSI,

RASSF1 and MSI were significantly correlated in 16 cancers, including MESO, STAD, LUAD, and 13 other cancers, and they were

significantly negatively correlated in CHOL, GBMLGG, and KIPAN (Fig. 9C). Furthermore, we observed a significant correlation be-

tween RASSF1 and tumour purity in 17 cancers, including a significant positive correlation in GBM and a significant negative cor-

relation in 16 cancers, including KIPAN, BLCA, and PCPG (Fig. 9D). Finally, RASSF1 and MATH were significantly correlated in 11
cancers, among which there was a significant positive correlation in UVM and a significant negative correlation in 10 cancers,

including TGCT, GBMLGG, and UCEC (Fig. 9E).
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Fig. 7. RASSF1 affects the tumor microenvironment and immune infiltration across tumours. (A) Association of RASSF1 expression with stromal,
immune, and ESTIMATE scores. (B) Association of RASSF1 expression with T cells, CD8 T cells, cytotoxic lymphocytes, B lineage cells, NK cells,
monocyte lineage cells, myeloid dendritic cells, neutrophils, endothelial cells, and fibroblasts. *P < 0.05.

3.7. Correlation between RASSF1 expression and tumour stemness

Tumour stemness, closely related to immune escape, plays a crucial role in tumorigenesis and resistance to immunotherapy. To
explore the role of RASSF1 in tumour stemness, we calculated Spearman’s correlation between RASSF1 and the tumour stemness index
(DNAsi and mRNAs;i) in each tumour type. RASSF1 significantly correlated with DNAsi expression in 13 tumours. Among them, there
was a significant positive correlation in seven tumours, including GBMLGG, MESO, and LGG, and a significant negative correlation in
six tumours, including TGCT, BLCA, and LAML. Additionally, RASSF1 and mRNAsi were significantly correlated in 21 tumours,
including positive correlations in STES and STAD, and negative correlations in 19 tumours, including TGCT, KIPAN, and KIRP

(Fig. 10).

3.8. 8.RASSF1 is involved in the regulation of multiple imnmune-related signaling pathways

To elucidate the underlying mechanisms, we first performed PPI network analysis to reveal the functional network of RASSF1. The
results demonstrated that RASSF1 is linked to RASSF5, KRAS, NRAS, HRAS, DAXX, XPA, STK3, SAV1, STK4, and MAP1S (Fig. 11A). GO
enrichment analysis showed that RASSF1 is involved in multiple immune-related biological processes, such as the immune response-
regulating signalling pathway, lymphocyte differentiation, and positive regulation of cytokine production (Fig. 11B). In addition,
RASSF1 was enriched in immune-related KEGG signalling pathways, including the chemokine signalling pathway, T-cell receptor

signalling pathway, and leukocyte transendothelial migration (Fig. 11C).

3.9. RASSF1A correlated with PD-L1 expression and affected the expression of Th17 signaling pathway genes in lung cancer

According to the above analysis, RASSF1 expression was significantly lower in NSCLC tissues than in normal lung tissues, and
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Fig. 8. Relationship between RASSF1 and RNA modification. *P < 0.05.
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RASSF1 expression was significantly correlated with PD-L1 expression in NSCLC. Therefore, we examined the Human Protein Atlas
(HPA) database for IHC staining of normal lung and NSCLC tissues, which showed that NSCLC tissues expressed lower levels of RASSF1
than normal lung tissues (Fig. 12A). In addition, we detected the expression of RASSF1A and PD-L1 in 11 NSCLC samples. Two typical
examples are shown in Fig. 12B: one was negative for both RASSF1A and PD-L1 expression, and the other was positive for both
RASSF1A and PD-L1 expression. Spearman’s correlation analysis of 11 NSCLC samples revealed a moderate correlation between
RASSF1A and PD-L1 expression (R = 0.556), but the difference was not statistically significant (P = 0.076, Fig. 12C). Previous studies
have shown that Th17 cell differentiation is inhibited by the upregulation of PD-L1 [31]. In our study, RASSF1 was significantly
enriched in the Th17 cell differentiation signaling pathway. Therefore, we constructed a RASSF1A overexpression A549 cell line.
Primers for Th17 cell differentiation pathway-related genes were designed, and qPCR experiments were performed. These results
suggested that the expression of several genes in the Th17 cell differentiation signaling pathway was significantly affected by high
RASSF1A expression. The mRNA expression levels of CCL2, FOSB, MAPK4, MUC5B, NFKB1, S100A8, S100A9, TNF, and TNFA2P3
were significantly decreased in the RASSF1A overexpression A549 cell line compared to the control group, whereas the mRNA

expression levels of CSF3, CXL3, FOSL1, and IKBKE were significantly higher (P < 0.05) (Fig. 12D).
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Fig. 9. Role of RASSF1 in genomic heterogeneity. (A) Correlation analysis between RASSF1 expression and TMB. (B) Correlation analysis between
RASSF1 expression and tumor neoantigens. (C) Correlation analysis between RASSF1 expression and MSI. (D) Correlation analysis between RASSF1
expression and purity. (E) Correlation analysis between RASSF1 expression and MATH. TMB, tumor mutation burden; MSI, microsatellite instability;
IL/IATH, mutant-allele tumor heterogeneity.

4. Discussion

Our study revealed that RASSF1 expression was significantly lower in tumour tissues of BRCA, LUAD, LUSC, and 20 other types of
cancers compared to normal tissues, which is consistent with previous research indicating that RASSF1 is generally inactivated in
malignant tumours [32]. However, RASSF1 expression was also higher in nine tumour types, including CHOL, GBM, and HNSC,
providing new insights into the pan-cancer expression of RASSF1. In other words, the state of RASSF1 expression differed among
different tumour types. Additionally, our study found that RASSF1 has prognostic value in a variety of tumours. Cox proportional
hazards regression analysis revealed that the OS of patients with high RASSF1 expression in GBMLGG, LGG, LAML, and nine other
tumour types was poor. Only three tumours (HNSC, TARGET-NB, and TARGET-ALL-R) showed that low expression of RASSF1 was
associated with poor OS. Similar results were obtained using Kaplan-Meier survival analysis. In seven cancers, including ACC, BLCA,
and GBM, high RASSF1 expression was associated with poor OS, whereas in HNSC and THYM, high RASSF1 expression correlated with
good OS. Furthermore, the differential expression of RASSF1 also affected DSS, PFI and DFI in multiple tumours, but whether RASSF1A
or RASSF1C has an effect needs to be further verified.

Immunotherapy is transforming the treatment of cancer like never before, allowing a substantial number of patients to achieve
sustained cancer control. Most notably, a growing number of solid and haematologic cancers have been shown to respond well to
immune checkpoint inhibitors (ICIs) that reactivate dysfunctional and/or exhausted T cells [33,34]. Therefore, we investigated the
role of RASSF1 in regulating immune checkpoints. The results revealed that RASSF1 positively correlated with immune checkpoint
molecules in most tumour types. In TGCT, KIPAN, KIRP, GBMLGG, LGG, and BLCA, RASSF1 expression correlated with almost all
immune checkpoint molecules. Currently, PD-L1 and CTLA4 are the main targets of immunotherapy. We suggest that RASSF1 has a
significant positive correlation with PD-L1 in 24 tumour types and with CTLA4 in 31 tumour types. In addition, our study revealed the
co-expression of RASSF1 with genes encoding chemokines, chemokine receptors, and MHC molecules. These results indicate that
RASSF1 expression is closely related to tumour immunity and suggest a new target for the development of immune activator agents.

Cancer is a complex ecosystem composed of tumour cells and a large number of non-tumour cells embedded in an aberrant
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Fig. 10. Correlation between RASSF1 expression and tumor stemness. (A) Correlation analysis between RASSF1 expression and DNAsi. (B) Cor-
relation analysis between RASSF1 expression and mRNAsi. DNAsi, DNA methylation-based stemness index; mRNAsi, mRNA expression-based
stemness index.
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Fig. 11. RASSF1 is involved in the regulation of multiple immune-related signaling pathways. (A) PPI network analysis of RASSF1. (B) GO
enrichment analysis of RASSF1. (C) KEGG enrichment analysis of RASSF1. PPI, Protein-Protein Interaction; GO, Gene Ontology; KEGG, Kyoto
Encyclopaedia of Genes and Genomes.

extracellular matrix. In addition to affecting cancer occurrence and development, the TME profoundly affects antitumour immuno-
therapy efficacy [35]. We found that RASSF1 expression significantly correlated with stromal, immune, and ESTIMATE scores in most
cancers. Furthermore, we analysed the correlation between the expression of RASSF1 and immune infiltrating cells, which are major
components of the TME. The results showed that RASSF1 positively correlated with infiltrating immune cells in all cancer types. In
KIRP and KIPAN, RASSF1 was moderately correlated with all immune cells, except T cells and neutrophils. Schmidt et al. constructed a
transgenic mouse model for the activation of K-RAS and defectiveness of RASSF1A in the lungs and found that inflammation and IL-6
production in RASSF1A-deficient tumours were significantly increased [36]. In addition, Zhang et al. found that the inhibition of
RASSF1A promotes B-cell transformation [20]. Therefore, further investigation of the role of RASSF1 in inflammation and tumour
immunity is required.

Immunosuppression is a representative feature of the TME. Although ICIs are stimulating huge waves in the field of tumour immune
therapy, primary and secondary resistance have restricted their clinical application. Recent clinical trials have reported that epigenetic
agents can significantly improve by epigenetic therapy, indicating the importance of epigenetic modifications in tumour immune
regulation. In recent years, RNA modifications (N1-methyladenosine [m1A], 5-methylcytosine [m5C], and N6-methyladenosine
[m6A]) have become new hotspots for antitumour immunity [30]. Our results showed that RASSF1 was associated with most RNA
modification genes in multiple cancers. Especially with almost all RAN modifier genes, particularly ACC, LIHC, KIPAN, WT, and THCA
RASSF1 was associated with almost all RAN modifier genes. As the most abundant RNA epigenetic modification, m6A regulates
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Fig. 12. RASSF1A correlated with PD-L1 expression and affected the expression of Th17 signaling pathway genes in lung cancer. (A) Representative
immunohistochemical staining for RASSF1 in A normal lung tissue and B NSCLC. (B) Two typical examples of RASSF1A and PD-L1 expression. (C)
Spearman’s correlation analysis between RASSF1A and PD-L1 expression in 11 NSCLC samples. (D) mRNA expression of RASSF1A, CCL2, CSF2,
CSF3, CXL3, CXL8, FOSB, FOSL1, LCN2, MAPK4, MUC5B, NFKB1, IKBKE, IL-6, SI00A8, S100A9, TNF, and TNFA2P3 in negative control and
RASSF1A overexpression A549 cells.

tumour immunogenicity and affects antitumour responses [37]. Our analysis revealed that the m6A writers METTL3, RBM15B,
RBM15, and WTAP positively correlated with RASSF1 in almost all tumour types. It has been suggested that METTL3 can positively
regulate the survival of natural killer (NK) cells, promote the production of proinflammatory cytokines in macrophages, and promote
the dynamic balance and differentiation of CD4+T cells [37]. These results suggest that RASSF1 alters the immune status of the TME by
regulating the expression of METTL3 in multiple tumours. Therefore, it is necessary to examine the role of RASSF1 in RNA modification
to identify new targets for immunotherapy.

Tumour heterogeneity is driven by the continuous generation of new genetic variants that promote tumour progression and
treatment resistance. Tumours with unstable genomes generally have a poor prognosis under traditional treatment modalities. In
contrast, genomic instability triggers downstream inflammatory signals that can enhance antitumour immunity and sensitisation to
ICIs therapy [29,38]. Genomic heterogeneity was evaluated in various ways, including TMB, tumour neoantigens, MSI, purity, and
MATH. TMB has been shown to be a useful biomarker for ICI selection in several cancer types [39]. Tumour neoantigens are a new area
of cancer immunotherapy, and many clinical trials have validated neoantigen-based therapies such as cancer vaccines [40]. In 2017,
the Food and Drug Administration (FDA) approved the PD-1 inhibitor pembrolizumab for the treatment of MSI-H/dMMR solid tu-
mours, becoming the world’s first antitumour therapy based on biomarkers rather than tumour origin [41]. Our study showed that
RASSF1 was significantly associated with TMB in 16 tumours, tumour neoantigens in five tumours, and MSI in 16 tumours. Our results
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suggest that RASSF1 is closely associated with genomic instability. Therefore, RASSF1 may serve as a new marker for predicting the
efficacy of immunotherapy.

Cancer progression involves the progressive loss of differentiation phenotypes and the acquisition of progenitor features. Tumour
stemness is closely related to immune escape and plays a crucial role in tumour occurrence and resistance to immunotherapy resistance
[29,42]. DNAsi calculated by the methylation signature and mRNAsi calculated by the mRNA signature were used as tumour stemness
scores. We observed a significant association between RASSF1 and DNAsi in 13 tumours and between RASSF1 and mRNAsi in 21
tumours. Consistent with this, Pankova et al. identified RASSF1A as a clinical biomarker associated with the mechanical properties of
the extracellular matrix, increasing tumour stemness and the risk of metastatic progression in lung adenocarcinoma [43]. However, no
studies have explored the correlation between the effect of RASSF1 on tumour cell stemness and tumour immunotherapy resistance,
which may be a promising research direction.

Moreover, PPI network analysis showed that RASSF1 was linked to RASSF5, KRAS, NRAS, HRAS, DAXX, XPA, STK3, SAV1, STK4,
and MAP1S. Consistent with previous studies, RASSF1 mainly interacted with RAS and Hippo pathway-related proteins. Further GO
enrichment analysis revealed that RASSF1 is involved in multiple immune-related biological processes such as lymphocyte differ-
entiation, immune response-regulating signaling pathways, and positive regulation of cytokine production. Additionally, RASSF1 is
implicated in immune-related KEGG signaling pathways, including the chemokine signaling pathway, T-cell receptor signaling
pathway, and leukocyte transendothelial migration. Finally, IHC staining and qPCR were performed to verify the previous findings. We
found that RASSF1A was moderately correlated with PD-L1, and that RASSF1A overexpression significantly affected the expression of
several genes in the Th17 cell differentiation signaling pathway. Previous studies have shown that PD-L1 upregulation inhibits Th17
cell differentiation [31]. We hypothesized that RASSF1A affects Th17 cell differentiation by upregulating PD-L1; however, further
experiments are needed to validate this assumption.

Our RASSF1 pan-cancer study covers various types of cancer and helps to reveal common features and differences between different
cancers, thereby providing comprehensive information for cancer diagnosis, treatment, and prevention. In addition, our study is the
first to explore the role of RASSF1 in tumour immunity, and the results suggest that RASSF1 may be an emerging immune-related
biomarker that plays an important regulatory role in tumour immunity. However, our study has some limitations. We only per-
formed bioinformatics analysis on an open and accessible database and performed a simple validation in lung cancer. However, the
role of RASSF1 in tumour immunity is extremely complex, and further clinical studies with larger sample sizes and more in-depth basic
research are required to verify our findings.

5. Conclusion

In summary, we found that the expression of RASSF1 was altered in multiple tumours compared to that in adjacent tissues and was
significantly correlated with prognosis, suggesting that RASSF1 is a potential prognostic biomarker. In addition, RASSF1 is correlated
with immune checkpoint molecules, the tumour immune microenvironment, RNA modification, and tumour stemness. GO and KEGG
enrichment analyses suggested that RASSF1 is closely associated with a variety of immune-related pathways. This suggests that
RASSF1 plays an important role in tumour immunity. Next, we validated some of these findings in lung cancer and found that RASSF1A
correlated with PD-L1 expression and that RASSF1A overexpression significantly affected the expression of multiple genes in the Th17
cell differentiation signalling pathway in lung cancer. These findings may elucidate the value of RASSF1 in tumour development and
prognosis and open new avenues for individualised immunotherapy.
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